Massive Gauge Bosons in Yang-Mills Theory 
without Higgs Mechanism 



Xin-Bing Huang* 
Shanghai United Center for Astrophysics (SUCA), 
Shanghai Normal University, No. 100 Guilin Road, Shanghai 200234, China 



Abstract 

Two kinds of Yang-Mills fields are found upon the concepts of mass eigenstate and 
nonmass eigenstate. The Yang-Mills fields of the first kind were proposed by Yang 
and Mills, which couple to the mass eigenstates with the same rest mass, whose gauge 
bosons are massless. I find that there are second kind of Yang-Mills fields, which are 
constructed on a five-dimensional manifold. Only the nonmass eigenstates couple to 
the Yang-Mills fields of the second kind, which are the nonmass eigenstates as well 
and composed of mass eigenstates of gauge bosons. The mass eigenstates of the Yang- 
Mills fields of the second kind live in the four- dimensional spacetime, the corresponding 
gauge bosons of which may be massive. The SU{2) x f/(l) gauge fields of the second 
kind are studied carefully, whose gauge bosons, which are the mass eigenstates, are 
the W^, Z° and photon fields. The rest masses of and obtained are the same 
as that given by the Glashow-Salam- Weinberg model of electroweak interactions. It is 
discussed that this model should be renormalizable. 
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55 years ago, Yang and Mills constructed the gauge field theory of non-Abehan 
group, which has become the most fundamental content in quantum field theory. Upon 
the principle that physical laws should be covariant under the local isospin rotation they 
proposed the SU{2) Yang-Mills theory [1]. But they could not obtain the massive gauge 
bosons then. About 10 years later, an ingenious trick called the Higgs mechanism was 
independently invented by Higgs and Englert and Brout [2], who introduced a scalar 
field and the spontaneous symmetry broken mechanism of vacuum by fixing a vacuum 
expectation value of the scalar field and make the intermediate vector bosons obtain 
masses. 

Based on the Yang-Mills fields and the Higgs mechanism, Glashow, Salam and 
Weinberg etc. proposed a renormalizable theory unifying the weak and electromagnetic 
interactions, namely SUl{2) x Uy{1) gauge theory [3]. Although this electroweak 
theory had predicted the masses of intermediate vector bosons, which were confirmed 
by experiments, there are still several unconfirmed predictions or confiicting phenomena 
in it. e.g. Firstly, experimenters have not found any hints of the Higgs boson till now; 
Secondly, a lot of recent experiments imply that the neutrinos should be massive and 
be mixed [4]. Here I discuss a model to give the massive gauge bosons in Yang-Mills 
theory without Higgs mechanism. 

In this letter, the signature of spacetime metric rj^i^dj,, u — 0,1, 2, 3) is — , — , — ), 
and the spacetime coordinates are described by the contravariant four-vector {h = 
c = 1 is adopted) . In Ref . [5] , the rest mass operator''' 

rh — —idz (1) 

is defined by introducing an extra parameter z besides of the spacetime coordinates x^. 
Prom the mathematical point of view, z and establish a five-dimensional manifold. 
The definition of the rest mass operator leads to a theorem that a field !F{x, z) is 
massless if and only if J^{x,z) is 2;-independent [5]. Hence the massless gravitational 
tl use = ^ , d^ = ^ and = 
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field, the electromagnetic field and SU{3) gauge fields in QCD are all ^-independent, 
who live in the z = brane of five-dimensional manifold. 

The Lagrangian of a nonmass eigenstate ^{x, z) of free spin-| fields is of the form-t 

An = Hx, z) {lYd^ + id,) z) , (2) 

here <!> = $'''7*' is called the spinor adjoint to $. I indicated that the mass eigenstate of 
a spin-| field satisfies ^{x, z) — e^"^^(f){x) in Ref.[5], where m is the rest mass. Therefore 
one can obtain the Lagrangian of the mass eigenstate of a free spin-| field from (2), 
that is 

jCirn = 4>ix) {il^d^ - m) (t){x) , (3) 

where = (/>^7° is the spinor adjoint to (f). 

Let's consider a quantum field system in which two different nonmass eigenstates 
^'1(0;, z) and ^'2(3;, z) of free spin-| fields form an isospin doublet as follows 

So the Lagrangian of two nonmass eigenstates of free spin-| fields is 

An = ^(X, Z) {i^d^ + id,) ^{X, Z) . (5) 

Here Let's first consider a special case: if ^i(a:, z) and ^2{x, z) are mass eigenstates 
with the same rest mass, then ^i{x,z) — e^'^^ipi{x), and ^^2(3^,-^) = e*"*^V2(a^), where 
m is the rest mass. I can therefore obtain ^(.x, z) = e'-^'-^ip^x) by defining 

^(^) - ( ) ■ 

Hence the Lagrangian of a quantum field system where two mass eigenstates e'"*^Vi {x) 
and e^'^^il)2{x) form an isospin doublet is acquired from (5), namely 

C2m^i^{x){ird^-m)'il^{x) . (7) 



^C\n, C\m denote the Lagrangian of one nonmass eigenstate or one mass eigenstate respectively. 
t^2n-: l^2m have the similar meanings. 



The largest inner gauge symmetry group in this system is obviously SU{2) x ^7(1). 
The total Lagrangian of this system reads 

-m^^-l F,, ■W''- ^ E^^E^^ , (8) 

where e, g' are the coupling constants of U{1) and SU{2) gauge fields respectively, and 
the dot "•" denotes a scalar product in the isospace. In this case, T • means 

T • = T^Bl + T^Bl + T^Ej , (9) 

where T", a = 1,2,3 are the generators oi SU{2) group, which are written as 

T« = ir" , (10) 

where are the traceless matrices 

known as the Pauli matrices. They obey the commutation relations 

[T^r'']=2^^£,,,r^. (12) 

c=l 

Here Sahc is the totally antisymmetry tensor in 3-dimensions. 

In Yang-Mills theory [1], T-B^ is called the SU{2) gauge field, and its field strength 
tensor is of the form 

F^, • T = d^{B, ■ T) - 5,(B^ • T) - ig'[B^ • T, B, • T] . (13) 

Hence the field strength F^,^ satisfies 

F^, = d^B, - d^B^ + g'B^ X B, . (14) 

I use to denote the U{1) gauge field. The field strength of the U{1) gauge field is 
defined by 

4- = d;,A, - d,A^ . (15) 



We are very familiar with above SU(2) gauge fields and U{1) gauge field which have 
been the fundamental content of quantum field theories. The gauge bosons are massless. 
Prom a viewpoint of the rest mass operator, above SU (2) gauge fields couple to the 
mass eigenstates with the same rest mass. I call this Yang-Mills fields the first kind. 
The SU{3) gauge fields in QCD obviously belong to this kind. 

From now on I will study another kind of Yang- Mills fields carefully. To make the 
gauge invariance explicit, let's formally introduce the extra dimension as follows 

— —X4 — z , 7^ = —74 = 1 • (16) 

Hence the Lagrangian is rewritten as 

/:2n = ^^{x,z)J''^a'^{x,z) , = 0,1,2,3,4. (17) 

Since two different nonmass eigenstates \E'i(a:, z) and \l'2(a:, z) form an isospin doublet, 
I can consider a local isospin rotation logically similar to what Yang and Mills did in 
their original paper. That is 

*'(x,^) = S{x,z)<i/{x,z) , (18) 

where S{x, z) is a 2x2 matrix. To make sure that the probability density '^{x, z)'${x, z) 
is invariant under above rotation (18), the matrix S{x,z) must be unitary with unit 
determinant 

S\x,z)S{x,z)^l . (19) 

All the matrices satisfy this condition generate the group SU (2), which is a non-Abelian 
Lie group. The transformation (18) directly means that 

^'{x,z)^^{x,z)S'^{x,z) . (20) 

The matrix S{x, z) can be written in the form 

5(x,^) = exp(^z^^^e"(x,^)j . (21) 
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To discuss the gauge invariance, here I introduce the gauge-invariant derivative 

Da ^ da - igiT ■ Waix, z) , (22) 

where gi is the couphng constant of SU{2) gauge fields, and 

T-W«(x,^) = ^r'^W^(x,^) . (23) 
0=1 

Invariance requires that 

{da - igiT ■ WJ^' = S{da - igiT ■ W,)* . (24) 

Combining (18) and (24), I obtain the gauge transformation on W^: 

T-W'^^ST-WaS-^ + ^s(daS-^) . (25) 

In analogy to the procedure of obtaining gauge invariant field strengths in electromag- 
netic case, I define now 

• T = ^ F^^r« = Da{T ■ Wp) - Dp{T ■ W«) 

a=l 

= daiWf, ■ T) - dpiWa ■ T) - ig, [Wa • T, W^j • T] 
= {daWf,) ■ T - {df,Wa) -T + g^Yl W^Wjs^beT^ 

abc 

= (daWp - dpWa + giWa X W p) ■ T . (26) 
Therefore the isovector of field strengths is 

Fap = daWf, - df,Wa + ^iW, X . (27) 

One easily shows from the equation (25) that 

F;,^ • T = SF^f, ■ . (28) 

I obtain a gauge invariant Lagrangian by performing the trace over the isospin indices: 

>C5f/(2) = -^TV{(F„^-T)(F"/^-T)} 

^—F^P-F'^^^-IY.FI^F^^ . (29) 

^ ^ a=l 



Considering the couplings between fermions and gauge bosons and the self-couphngs 
of gauge bosons, one can get the complete Lagrangian as follows 

= i^^id^ - %g{T ■ Wc,)* - ^-Y^p ■ F"^ . (30) 

In order to build a foundation for setting up an electroweak model without Higgs 
mechanism, I discuss the SU{2) x U{1) gauge fields in this letter. The U{1) gauge 
field that couples to a nonmass eigenstate has been studied in my preceding paper [5] . 
The Lagrangian (17) shows me that the maximal gauge groups for this quantum field 
system arc SU{2) x U{1). 1 have introduced the SU{2) gauge fields in this system, 
now I put in the ^7(1) gauge field. Let us multiply the nonmass eigenstates ^(x, z) by 
a local phase e'®^^'^^ , namely 

According to the discussion in Ref. [5], I introduce the U{1) gauge field of the second 
kind, that is ^a{x, z). Under the transformation of (31), Xq,(x, z) transforms as 

X:i(x, z) = X«(x, z) + -a«e(x, z) , (32) 

92 

here g2 is the couphng constant of U{1). The strength tensor of U{1) gauge field is of 
the form 

Ea/3(X, Z) = 9aX^(x, z) - dpXaix, z) , (33) 

which is invariant under the transformations of (31) and (32). Therefore the total 
Lagrangian including the U{1) gauge field of the second kind is written as 

^total — ^2n + ^int + ^U{1) + ^^SU{2) 

- ^E^pE-^ - ■ F"^ . (34) 

Obviously the total Lagrangian is also invariant under the transformations of (31) and 
(32). The gauge covariance requires that Xq, and T • are all nonmass eigenstates. 



Till now I merely constructed the SU(2) x U{1) gauge fields on a five-dimensional 
manifold, which is quite the same as the gauge fields proposed by Yang and Mills. 
Yes, from the five-dimensional point of view, the gauge bosons are massless in above 
discussed SU{2) xU{l) gauge fields since there are no mass term in the total Lagrangian 
(34). But, things will be quite different when 1 discuss them from the viewpoint of 2; = 
brane. 

I have pointed out that the gravitational field, the electromagnetic field and SU{3) 
gauge fields in QCD are hving in the z — brane of five-dimensional manifold. Also I 
have proved that the ^-independent electromagnetic field, gravitational field and SU (3) 
gauge fields only couple to the mass eigenstates. Therefore I can find that the mass 
eigenstates coupled by the gravitation, the electromagnetic field and the gluon fields 
are also living in the z — 4-dimensional brane. 

It is indicated that the nonmass eigenstate is composed of mass eigenstates [5] . To 
discuss the physical properties of the mass eigenstates who compose the gauge fields 
X.a and Wq, I write out the spacetime component and 2;-related component of gauge 
fields separately. Therefore 

Xa(x, z) = (X^(a;, z),X^{x, z)) , (35) 
W^{x,z) = {W^{x,z),W,{x,z)) . (36) 

To hst the components of Wa(x, z) manifestly, I rewrite (36) as 

Wl{x,z) = {W;{x,z),W:{x,z)) , 1,2,3. (37) 

After that, the strength tensor Eapix, z) is correspondingly divided into three parts 

E^^(x, z) = 9/,X^(x, z) - d^Xu_{x, z) , (38) 

E^2(x, z) = -Ez^{x, z) = d^'X^ix, z) - dzX^{x, z) , (39) 
E,,{x, z) = a,X,(x, z) - a,X,(x, ^) = . (40) 

Surely one can also get the decomposition of the strength tensor Y^pix, z) as follows 

F^.(x, z) = a^W. - 9.W^ + ^iW^ X , (41) 
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F^,(x, z) = -F,^(x, z) = d^W, - d,W^ + ^iW^ X W, , (42) 
F,,{x,z) = Q. (43) 

Now let's consider the movement of gauge bosons. Firstly, the interaction term Cint 
in total Lagrangian (34) shows that the movement of gauge bosons is decided by the 
momentum of ^ and ^. The ^ and ^ are nonmass eigenstates, who are composed of 
mass eigenstates that are living in the z = brane and moving along the z = brane, 
hence gauge bosons must move along the z = brane. Secondly, once the gauge bosons 
are produced, they are constrained by gravitation, which is living in the z — brane. 
Consequently 

W,{x,z)=0 , X,(x,z) = . (44) 
Hence the equations (39) and (42) reduce to 

^nz{x, z) = -E2^(x, z) = -5^X^(x, z) , (45) 
F^,{x, z) = -F,^{x, z) = -d,W^{x, z) . (46) 

The spacetime components X^(a:, z) and W^(a:, z) are nonmass eigenstates, which are 
hnear combinations of mass eigenstates. I define the mass eigenstates of bosons 

by 

W+(a:, z)^^ (Wlix, z) - iW^x, z)) , (47) 

W;(x, z) = {wlix, z) + iWlix, z)) . (48) 

When the mass eigenstates of are expressed by 

W+(x, z) = e'^-^'W;{x) , W;(x, z) = e'^'^'W-ix) , (49) 

niw being the rest mass of VF^, the nonmass eigenstates W^(x, ^) and W^{x,z) are 
manifestly given by 

Wl{x,z) ^ ^{W;{x,z) + W;{x,z)) 

^_Le--^(H/;(x) + W;-(x)) , (50) 



and 

Wlix, z)^^ (w+(x, z) - W-ix, z)) 

^^e'"^-^^{w^{x)-W;{x)) . (51) 

The boson fields W+(a;, z), W~(x, z), Z^(x, z) and photon field which are mass 

eigenstates, constitute a complete Hilbert space. Prom Ref.[5], I know that 

Z,{x, z) = e'^-'Z^ix) , (52) 

here niz is the rest mass of boson Z^. The nonmass eigenstates W^(x, z) and X^(a:, z) 
are the linear combinations of Z^(x, z) and A^(x), namely 

W^(a:, z) — sin OwA^ + cos ^vrZ^(a;, z) 

= sin OwA^ + cos Owe'^^'^'Z^ , (53) 
X^(a;, 2) — cos OwA^ — sin 6'vkZ^(x, z) 

= cos 9wA^ - sin ^^^e^^^^^Z^ , (54) 

where is the Weinberg angle. 

The nonmass eigenstates W"(a = 1, 2, 3) in T • Wq, must have the same rest mass 
because of two reasons: Each plays the quite equal role in gauge field T • Wq,; The 
model must be SU{2) gauge invariant. Consequently 

mwi = rny^i = rn^Nl ■ (55) 



In Ref.[5], it is indicated that the rest mass squared of nonmass eigenstate of vector 
fields can be calculated, that is 



n 

= %a*mj^ (56) 



is right if and only if 



V. = E = E ^^je^'^nV,], . (57) 
3=1 3=1 
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Then one can easily obtain the rest masses of and from (50) and (51) respec- 
tively 



= = , (58) 

also get the rest mass of from (53) 

m^s = ml{cos9wf ■ (59) 

Therefore combining (55), (58) and (59), I obtain the following relation 

niw — mz cos 9w ■ (60) 

In the total Lagrangian (34), the kinetic terms of Fermions and the interaction terms 
will be discussed carefully in my forthcoming paper [6] , in this letter I only discuss the 
self- couplings of SU{2) x U{1) gauge fields, namely the terms + Csu{2) in (34). It 
has been pointed out that the gauge bosons in my model merely propagate along the 
z — Q brane, therefore W;j(x, z) — 0, X2;(a:, z) — 0. In this case, substituting (54) into 
(45) yields 

E,^ = -imz sin dwe'^^'^'Z^ . (61) 
Substituting (50), (51) and (53) into (46) respectively, I obtain 

F^^ = -^mW--^ (ly; + 117) , (62) 

K = -^mH.e^--^ (ly; - W-) , (63) 
F^^ = imz cos Owe'^^^'Z^, . (64) 

Substituting (61), (62), (63) and (64) into -\- Csu{2), I find that the self-coupling 
terms of SU{2) x U{1) gauge fields become 



1 1 

= E «E"^ F « • F°^ 
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= -^E^.E'^'^ - ^F^, . F'^'^ - ^ (e.^E^'^ + Fl^F''^' + F%F^'^ + F%F^'^) 

= -^E^.E'^'^ - ^F^, • F'^'^ + ^mle^'"'^'Z^Z'' + m^e^*'"^ W+VF'^" . (65) 

"rr ^ 

It is indicated that all the mass eigenstates coupled by the gravitation, the electro- 
magnetic field and the gluon fields are living in the ^ = brane. Hence, expressed by 
the mass eigenstates in the z — brane, the self-coupling terms of SU{2) x gauge 
fields reduce to 

^U{l),z=0 + ^SU{2),z=0 

= -\e^.E^'' - • F^^ + im|Z^Z^ + ml.W^W'^- , (66) 
where F/^^, = {F^^,, F^^, F'^^}, and E^,, is formulated by 

E^,{x) = d^X,{x) - d^X^ix) , (67) 

and Ff^i, is given by 

F^^ix) = d^W,{x) - d,W^{x) + giW^ix) x W,{x) , (68) 

in which Wfj_{x) = {W^{x),W^{x),W^{x)}. The four-dimensional fields Xf^{x) and 
Wn{x) are composed of mass eigenstates which are constrained in the z — brane. 
Prom (50), (51), (53) and (54), one can easily obtain the expressions of them in the 
following 

W^ix) = {W^{x) + W^{x)) , (69) 

W'^ix) = (iy;(x) - W-(a;)) , (70) 
W^{x) = sin 9wA^{x) + cos 9wZ^,{x) , (71) 
Xn(x) — cosOw^nix) — sm9wZij,(x) . (72) 

Obviously they have the same forms as the definitions of gauge bosons of SU (2) x U (1) 
gauge fields in the Glashow-Salam- Weinberg model [7]. The fields W^{x), W~{x), 
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Zf^{x) and A^{x) in above expressions are mass eigenstates that are constrained in the 
z = brane. 

The SU{2) X U{1) gauge fields of the second kind merely couple to the nonmass 
eigenstates, which are the nonmass eigenstates as well, hence cannot be observed di- 
rectly. The nonmass eigenstates of gauge fields are composed of the mass eigenstates 
that are constrained in the z = brane. When I reexpress the Lagrangian +Csu{2) 
by the mass eigenstates of gauge bosons who live in four-dimensional spacetime, I find 
that the fields W+(x), W~{x) and Zf^{x) can be treated as massive gauge bosons from 
the four-dimensional point of view since their mass terms automatically appear in the 
four-dimensional Lagrangian (66). 

The mass terms of gauge bosons who are living in four-dimensional spacetime aren't 
inserted by hands, which is produced automatically. Prom five-dimensional point of 
view, the SU (2) x U (1) gauge fields of the second kind are massless, which are the usual 
gauge fields that we are very familiar with, since there are no mass term in the total 
Lagrangian (34). Therefore, the gauge fields in this model should be renormahzable. 

let me explicitly explain this model again: The general equation of a nonmass 
eigenstate of spin-| fields is built on a five- dimensional manifold, therefore the gauge 
fields of the second kinds, who couple to the nonmass eigenstates of spin-| fields, are 
constructed on a five-dimensional manifold as well. But the nonmass eigenstates are 
composed of mass eigenstates, which are physically observable. The mass eigenstates 
are merely coupled by the electromagnetic field, the gravitation and the gluon fields, 
who are living in the z — brane. Hence the initial momentum of the nonmass 
eigenstates of spin-| fields are along the z = brane, which decides that the gauge 
fields of the second kind must propagate along the z = spacetime as well. When the 
gauge fields of the second kind are reexpressed by their mass eigenstates that living 
in the four-dimensional spacetime, it is found that the gauge bosons who are mass 
eigenstates can be treated as massive vector fields. 
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